The practice of diagnostic x-ray imaging has been transformed with the emergence of digital detector technology. Although digital systems offer many practical advantages over conventional film-based systems, their spatial resolution performance can potentially be a limitation. Detector element size is one important factor limiting resolution in digital systems and manufacturers have addressed the issue by developing smaller elements. However, detector element size can only be reduced so far before which more fundamental effects become important. We present a Monte Carlo study in which the fundamental causes and upper limits of spatial resolution, due to x-ray interactions, were determined for direct conversion amorphous silicon (a-Si), amorphous selenium (a-Se) and lead iodide (PbI 2 ), and indirect conversion cesium iodide (CsI) detectors. The spatial distribution of absorbed energy (per unit mass), or point spread function (PSF), was scored within each converter material for various incident photon energies (10-150 keV) and converter thicknesses (based on quantum efficiency values between 0.10 and 0.99). The "x-ray interaction" modulation transfer function (MTF) was determined from each PSF, and was used to characterize the energy and thickness dependence of the spatial resolution using the 50% MTF frequency, f 50 , and effective sampling aperture, a ef f . In the diagnostic energy range, f 50 values reach as low as 0.3 cycles/mm in a-Si at 60 keV and above; and 300, 20, and (100,10) cycles/mm at the K-edges of a-Se, CsI, and PbI 2 , respectively. In contrast, a ef f values are similar for each of the materials, ranging from 3 µm at low energies (20 keV) to 20 µm at higher energies (100 keV).
I. INTRODUCTION
Innovative advances in digital x-ray detector technology have led to a steady transition away from conventional analogue-based (e.g. film) image receptors. The motivation for advancing towards a digital approach stems from a continued need to improve image quality, reduce patient dose, increase patient throughput in the imaging clinic and decrease overall costs. Digital systems potentially address these needs through improved dynamic range and contrast capability, and with separate image acquisition, storage, and display mechanisms. While detector performance may be limited by a wide variety of factors, conversion and absorption of the incident x-ray energy represents the first and most fundamental step in the x-ray imaging chain. Selection of the material in which x rays interact, whether a photoconductor or a phosphor, has a direct impact on the potential performance of the detector.
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A photoconductor is generally referred to as a direct conversion material because x rays are directly converted to electrical charge with no intermediate energy-conversion stage. In contrast, a phosphor is designated as an indirect conversion material because x rays are first converted to optical light, then finally to electrical charge. The most popular photoconductor and phosphor materials in current practice are amorphous selenium (a-Se) and cesium iodide (CsI), respectively.
When designing new x-ray imaging systems, the general performance requirements of the detector depend on the specific imaging task. One important requirement is high spatial resolution. Two imaging applications that particularly demand high-spatial resolution include mammography, 3 and micro-computed tomography (µ-CT). 4 One of the primary aims in mammography is to perceive the fine-details of micro-calcifications and thin fibres protruding from a tumor mass in the breast, while in µ-CT, the goal may be to visualize the intricate bony architecture of small animals (e.g. mice). In order to achieve high spatial resolution in these x-ray imaging systems, a high resolution detector is a necessity.
Physical factors that may limit the spatial resolution in a detector include: the size of the detector elements (dels), spatial spread of the absorbed x-ray energy and the spread of secondary image-forming quanta (i.e. electron-hole pairs in photoconductors and optical light in a phosphor). The spread of the incident x-ray energy can play an important role as the energy is not absorbed at the precise location of incidence within a detector material.
Rather, x-ray interactions produce secondary radiation (in the form of secondary fluorescent or scatter x rays and secondary charged particles) that spreads the incident x-ray energy away from the primary interaction site.
Several investigations have dealt with the inherent spatial resolution of converter materials used in diagnostic x-ray detectors. Que and Rowlands 5 used analytic equations to describe the main intrinsic factors, including the range of primary photoelectrons and geometric effect due to obliquely incident x rays, which limit spatial resolution in a-Se. Boone et al. 6 used Monte Carlo simulations to study the effects of x-ray scattering and x-ray fluorescence in a wide variety of converter materials (e.g. a-Se, CsI, Gd 2 O 2 S). In their work, they determined the radial distribution of re-absorbed energy solely from these secondary x rays, but did not calculate a corresponding MTF. Furthermore, they ignored energy deposition from secondary electron transport. From these and other investigations, it is generally known that emission of fluorescent x rays following photoelectric interactions result in a substantial loss in energy absorption at the primary interaction site.
Although x-ray converter materials have been studied and developed for many years, the recent emergence of digital x-ray imaging systems has led to a renewed interest in the performance of both conventional and non-conventional materials. Further investigation into the fundamental limits of these detector materials is necessary to determine if potential improvements can be made, especially in areas that demand high-spatial resolution. In this article, we use Monte Carlo simulations of x-ray photon and electron transport to examine the fundamental limitations imposed by the various x-ray interaction processes on the modulation transfer function (MTF) for direct (amorphous silicon, amorphous selenium, lead iodide) and indirect (cesium iodide) conversion detector materials. For each converter material, the importance of each x-ray interaction process, and their corresponding secondary radiation (i.e. secondary x-ray or electron), to MTF degradation is identified and quantified as a function of x-ray energy and converter thickness. In addition, selected Monte Carlo results are compared with recently published experimental MTF data to determine if existing detector performance is approaching these fundamental limits. The scope of our study is limited to the spatial distribution of x-ray energy deposition. The subsequent effect of image-forming quanta production and transport within the converter material is not included. These effects may further reduce spatial resolution.
II. BACKGROUND
In the photon energy range of 10 to 150 keV, the relevant x-ray interaction processes are photoelectric absorption, coherent scatter and Compton scatter. In photoelectric absorption, 7 an atom fully absorbs the energy of an incident x ray, and ejects an electron from an inner atomic shell. Following the emission of the photoelectron, the atom is left in an excited state, and subsequently returns to the ground state through a cascade of atomic transitions, resulting in the emission of characteristic (fluorescent) x rays and Auger electrons (see Table I for relaxation data). Coherent scatter 8 involves an interaction between an incident x ray and all the electrons in an atom. The electric field of the incident x ray causes these electrons to collectively vibrate in synchrony, and subsequently, emit radiation that that departs the atom at an angle relative to the incident x ray. Compton scatter involves a collision of an incident x ray with a weakly bound electron. The incident x ray is scattered, with reduced energy, at an angle with respect to the original direction. The residual fraction of the incident x-ray energy is also transferred to the electron, which recoils in a direction within the same plane as the scattered x ray to conserve momentum and energy.
Secondary radiation, whether fluorescent/scatter photons or charged particles, from these x-ray interactions can potentially degrade and limit the spatial resolution of a detector material by 'blurring' or 'spreading' the incident energy away from the primary interaction site. The degree of spread depends on: (i) the x-ray interaction process that leads to the secondary radiation, (ii) the initial launch direction of the secondary radiation, and (iii) the range of the secondary radiation. An elaboration of each dependency is presented below. The relative probability of occurrence for each interaction type is presented in Fig. 1 and 15% up to 150 keV.
B. Angular dependence of secondary radiation
The angular distribution of secondary radiation can be described using the concept of a probability density function (PDF). The normalized probability of scattering a photon or electron into an angle is given by the ratio of the differential cross-section per unit angle and the total cross-section. The PDFs that describe the directional distribution of secondary radiation from coherent scatter, Compton scatter, and photoelectric events are shown in Fig. 2 . In general, these PDFs are complex functions that depend on the energy of the incident x ray and the type of material.
In coherent scatter events, the differential cross-section per atom is given by the product of the Thomson differential cross-section and the square of the atomic form factor, F , which relates the scatter amplitude from the collective atomic electron distribution to that from an isolated electron.
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As seen in Fig. 2(a) , the PDF, pdf coh (θ), with respect to the coherent scatter x-ray angle, θ, is given by
where a σ coh is the total coherent cross-section per atom, r 0 = 2.818 × 10
−13
cm is the classical electron radius, x = hν/hc×sin(θ/2) is the momentum transfer, and Z is the atomic number. In our study, form factors for molecules are calculated based on the independent atom approximation (i.e. form factors of individual atoms combine independently).
As shown in Fig. 2(a) , the scattered x-ray is emitted predominantly in the forward direction, and even more so as the incident photon energy is increased. In PbI 2 , the fraction of coherent scatter x rays emitted laterally between 45
• and 135
• is 53% at 10 keV and decreases to 15% at 100 keV. Therefore, the lateral emission of coherent scatter x rays may be important at low photon energies for high-atomic number materials.
In Compton scatter events, the differential cross-section per electron 12 is given by the product of the Thomson differential cross-section and the Klein-Nishina factor, F KN , which describes the probability of scatter by an unbound electron. As seen in Fig. 2(b) , the PDF, pdf inc (θ), with respect to the Compton scatter x-ray angle, θ, is given by
where e σ inc is the total Compton cross-section per electron, r 0 is the classical electron radius, and the Klein-Nishina factor, F KN (θ), is given by
where α = hν/m 0 c 2 is the photon energy in units of the electron rest-mass energy.
Similarly, as seen in Fig. 2 (c), the PDF, pdf inc (φ), with respect to the Compton recoil electron angle, φ, is given by
where the x-ray scattering angle, θ, and the recoil electron angle, φ, are related via
As shown in Fig. 2 (b), the scattered x-ray is emitted predominantly in the lateral direction, and changes little as the incident photon energy is increased. Consequently, the fraction of Compton scatter x rays emitted laterally between 45
• is approximately constant at 60% in the diagnostic energy range. As shown in Fig. 2 (c), the recoil electron is emitted predominantly in a diagonal direction in the same energy range. Due to the atomic number independence of the Compton differential cross-section, the lateral and diagonal spread will be identical for all materials.
In photoelectric events, the differential cross-section per atom 12, 13 is given by the product of the non-relativistic Fischer differential cross-section and the Sauter factor, F Sauter , which accounts for the relativistic nature of the photoelectron. As seen in Fig. 2(d) , the probability density function, pdf pe (φ), with respect to the photoelectron angle, φ, is given by where a τ is the total photoelectric cross-section per atom, β = v/c is the velocity of the electron in units of the speed of light, and the Sauter factor, F Sauter , is given by
where
is the ratio of the total electron energy to the electron rest-mass energy.
As shown in Fig. 2(d) , photoelectrons are not all emitted in the same direction (i.e. their directional distribution is not isotropic). At low incident x-ray energies (<100 keV), the photoelectrons tend to be ejected at right angles relative to the direction of the incident x-ray, and as the energy of the incident x-ray is increased (>100 keV), more and more of the photoelectrons are emitted in a forward direction. In contrast, fluorescent x rays and Auger electrons, following a photoelectric event, are emitted isotropically from the atom (not shown in Fig. 2 ).
C. Path-length dependence of secondary radiation
The distance over which secondary radiation transfers the incident photon energy away from the primary interaction site can be estimated from the mean free path, MFP, for The EGSnrc Monte Carlo code has a number of parameters that control the transport of particles. The parameters PCUT and ECUT, which represent the minimum total energy (kinetic plus rest mass) below which no radiation transport takes place, were set to 1 and 512 keV, respectively. The general rule of thumb for calculating dose distributions requires that ECUT be chosen so that the electron range at ECUT is less than 1/3 of the smallest dimension in the dose scoring region.
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Based on the above value of ECUT, the corresponding electron range satisfied the latter criterion for all materials used in our simulations. In order to distinguish between the effects from secondary x rays and electrons, simulations were also performed with the value of ECUT set to the incident photon energy in order to suppress electron transport (i.e. "on-the-spot" energy deposition). One other feature taken advantage of was the ability to include or exclude the simulation of coherent scatter events.
B. Detector geometry
The modelled detector geometry, shown schematically in Fig. 4 , consisted of an infinitesimal pencil beam of x-ray photons incident perpendicularly on the centre of a uniform cylindrical slab (10 cm diameter) of x-ray converter material. Each slab was subdivided into 100,000 concentric annuli with an equal spacing of 0.5 µm each. Four types of x-ray converter materials, which span a wide range of atomic numbers, were modelled in our study:
(i) amorphous silicon (a-Si), (ii) amorphous selenium (a-Se), (iii) cesium iodide (CsI), and (iv) lead iodide (PbI 2 ). The appropriate density of each converter was chosen to agree with those used in practice. The thickness, t, of each material was based on a specific quantum efficiency value, η, at a given incident photon energy, as given by
where µ is the linear attenuation coefficient at photon energy, hν, and atomic number, Z.
Various quantum efficiency values ranging from 0.10 to 0.99 (0.10 intervals) were examined for each incident photon energy. Note that since spatial resolution generally degrades with increasing converter thickness, then the 0.99 quantum efficiency thickness here represents the lower limit or worst-possible resolution.
C. Spatial distribution of absorbed energy
Monte Carlo simulations were used to generate dose deposition profiles, d(r), which represent the radial distribution of absorbed energy per unit mass within the converter material.
These profiles form the basis of the one-dimensional radial point spread function (PSF), p(r), when normalized to unit area,
Dose deposition profiles were determined for each x-ray converter material at monoenergetic x-ray energies, ranging from 10 to 150 keV, in 1 keV intervals, which represent the different energies encountered in diagnostic x-ray spectra. One million incident x-ray histories were used in each Monte Carlo run, which was sufficient to reduce the statistical uncertainty in the dose deposition profiles to negligible levels. 
D. Modulation transfer function
Based on p(r), the x-ray interaction MTF, MTF x (k), was calculated using the Hankel transform via
which represents the spatial-frequency variation of spatial resolution from the spread of absorbed energy due to x-ray interactions.
E. Figures of merit
Combining the spatial-frequency-dependence of the MTF and the energy dependence of the x-ray interaction processes for a given converter material requires an appropriate figure of merit for grading the spatial resolution. We chose to use both the 50% MTF frequency, f 50 , and the effective sampling aperture, a ef f .
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The a ef f is the reciprocal of the volume under the squared MTF, and for the case of a circularly symmetric MTF is given by
Thus, the greater the volume under the squared MTF, the smaller the a ef f , and vice versa.
The a ef f has units of area, but it can also be stated as the diameter of the equivalent circle with the same area. In accordance with the work of Wagner, we have adopted the latter in this article. Note that the a ef f used in our study physically represents the average blur size caused by the spread of absorbed energy from x-ray interactions in a converter material.
Since the MTF cannot be determined to infinite frequency in practice, we have chosen to integrate the a ef f up to the spatial-frequency where the MTF falls to 2%, which is high enough to ensure an accurate integral while minimizing noise contributions at high spatialfrequency. Based on an annuli spacing of 0.5 µm, the corresponding Nyquist frequency in our Monte Carlo simulations is 1000 cy/mm. Accurate behaviour of the MTF up to such a high spatial-frequency is an important necessity since the short-range nature of electrons will affect how the MTF will behave in that region. A Monte Carlo code with accurate electron transport, which EGSnrc provides, is thus required to obtain reasonable values for the a ef f .
F. Comparison with published experimental data
Considerable experimental research on the detector performance of amorphous silicon,
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amorphous selenium, [25] [26] [27] cesium iodide,
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and lead iodide [31] [32] [33] [34] has been reported in the literature. The fundamental spatial resolution limits in selected a-Si, 24 a-Se, 26 CsI, Table II . In these simulations, the incident x-ray spectra were modelled using an in-house MatLab (Mathworks, Natick, MA) code based on the semi-empirical Tucker-Barnes the contribution from the spread of the incident x-ray energy. In order to allow for a direct comparison with experimental results, the x-ray interaction MTF, MTF x (k), was adjusted to account for the finite detector element (del ) size, a del , of the prototype detector systems.
The Monte Carlo pre-sampling MTF, MTF pre (k), was obtained by including this aperture effect using
IV. RESULTS
A. "X-ray interaction" MTFs 
B. Dependence on incident x-ray energy
The spatial resolution performance of each converter material is plotted in Fig. 6 as a function of incident photon energy. Performance here is quantified in terms of both the 50% MTF frequency (column I) and effective sampling aperture (column II). In order to isolate the effects of certain x-ray interactions, each figure displays two separate profiles that correspond to Monte Carlo simulations that included all x-ray interactions and those with coherent scatter events disabled.
In the case of the 50% MTF frequency, its trend generally decreases with increasing incident energy. At low energies (20 keV), f 50 values are approximately 500 cycles/mm, In the case of the other energies, both the f 50 and a ef f profiles are relatively flat, which suggests a negligible trade-off between spatial resolution and converter thickness (quantum efficiency). At low energy (20 keV), converter thickness may be increased by up to 35% in a-Si without comprising spatial resolution, whereas the other materials already operate at a quantum efficiency close to 100%. At higher energies (>60 keV), converter thicknesses used and PbI 2 detectors. Also shown is the x-ray interaction MTF, MTF x , from the Monte Carlo simulations and the sinc aperture function, which represents the effect of integrating quanta over a finite-size square detector element. In the Monte Carlo simulations, the appropriate incident x-ray spectrum and detector geometry were modelled based on the experimental conditions (see Table II ) used for each material. Note that a-Si represents a mammography system, while the rest of the materials represent radiography systems.
The purpose of comparing the pre-sampling MTF between our Monte Carlo simulations and experimental measurements is to establish the significance of x-ray interaction spread in relation to all other physical processes that take place in a real x-ray detector. The Missing physical processes that could account for the divergence in each material are as follows: in a-Si, a temporal aperture effect due to time delay integration and the diffusion of electron-hole pairs; in CsI, the diffusion of optical light; and in PbI 2 , the diffusion of electron-hole pairs.
V. DISCUSSION
The key to understanding how secondary radiation from x-ray interactions affects spatial resolution relies on knowledge of the relative amount of energy that is deposited closely to and remotely from the primary interaction site. Information on the direction and the distance (excluding the diagnostic x-ray spectra used in the comparison of the pre-sampling MTFs).
However, using a monoenergetic treatment does not diminish the relevance of our results because the knowledge of an x-ray spectrum can be used to weight the individual monoenergetic MTFs.
There are some assumptions and limitations related to our Monte Carlo results. First, in our simulations, we only considered x-ray beams that were normally incident upon the detector material. In typical x-ray imaging systems, the x-ray beam diverges from an effective point source, which allows x rays to enter the detector at an angle of incidence varying from 0-20
• depending on the collimation. For obliquely incident x rays, the pattern of energy deposition will be asymmetric and the spatial resolution will be worse in comparison to the symmetric energy deposition due to normal x rays.
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Second, although we report very high spatial resolution capability for the materials examined in our study, the modulation transfer function is not the only consideration. In particular, high resolution detector elements tend to have a reduced signal-to-noise ratio simply because of their small pixel size.
Therefore, high performance detectors also need a high detective quantum efficiency (DQE).
The spread of the absorbed photon energy will strongly degrade the DQE due to the square MTF dependence. However, noise correlations 37 will also occur that may partially offset any degradation in the DQE (see part II of the paper).
VI. CONCLUSIONS
Monte Carlo simulations were used to determine the spatial distribution of absorbed x-ray energy (per unit mass), or point spread function, for various x-ray converter materials (a-Si, a-Se, CsI, PbI 2 ) as a function of incident photon energy and converter thickness. From these point spread functions, a spatial-frequency description of the spatial resolution, using the modulation transfer function, was made for each of the materials.
The blur caused by x-ray interactions, as expressed by the effective sampling aperture (a ef f ), was also determined for each material and each x-ray energy and converter thickness in the diagnostic energy range. In the mammography energy range, a ef f values range from 3-15 µm, and range from 5-25 µm in the radiography energy range. These values represent the fundamental penalty of imaging with x rays and serve as a lower bound for detector manufacturers to fabricate high resolution detectors. These results also show no overwhelm-ing advantage in spatial resolution capability with any one given x-ray converter material over another.
In terms of spatial resolution performance within the diagnostic energy range, the following conclusions about each x-ray converter material can be drawn:
• a-Si: suitable for mammography use only due to reabsorption of Compton scatter x rays,
• a-Se: suitable for mammography and micro-CT
